Introduction
============

Recurrent miscarriage is a highly heterogeneous disease, which is defined as at least three pregnancy losses before 22 weeks of gestation, and affects approximately 0.5--3% of fertile couples ([@b1-mmr-19-04-2620],[@b2-mmr-19-04-2620]). The pathogenesis of recurrent spontaneous miscarriage is complicated and remains mostly unknown. Immunological factors and inflammation have been reported to participate in the pathological process of recurrent miscarriage ([@b3-mmr-19-04-2620]--[@b9-mmr-19-04-2620]).

A disintegrin and metalloproteinase with thrombospondin motifs 7 (ADAMTS-7) is a proteolytic member of the ADAMTS family (a disintegrin and metalloproteinase with thrombospondin-like motifs) and has been identified to exert important effects on inflammatory diseases, such as arthritis and atherosclerosis ([@b10-mmr-19-04-2620]--[@b12-mmr-19-04-2620]). Previous studies have demonstrated that systematic inflammation is correlated with recurrent implantation failure and recurrent spontaneous abortion (SA) in humans ([@b13-mmr-19-04-2620]). Over the past few decades, Th17 cells have been reported to be involved in women with reproductive failure. As a secreted factor of Th17 cells, the expression of IL-17 in decidua is clearly higher in inevitable abortion and in unexplained recurrent SA individuals than in the control group ([@b14-mmr-19-04-2620],[@b15-mmr-19-04-2620]). In addition, IL-17A, an important regulatory factor participating in the pathological process of recurrent SA, has been found to enhance the expression of ADAMTS-7 in human nucleus pulposus cells ([@b16-mmr-19-04-2620]). Therefore, a potential role of ADAMTS-7 in SA was proposed.

Accumulative evidence has indicated that women with adverse pregnancy outcomes are associated with a higher risk of suffering from cardiovascular disease, with preeclampsia as the most documented ([@b17-mmr-19-04-2620],[@b18-mmr-19-04-2620]). It is also reported that women with a history of recurrent miscarriage are more likely to experience cardiovascular disease ([@b19-mmr-19-04-2620]--[@b21-mmr-19-04-2620]). Therefore, an underlying association was proposed between the molecular mechanism of recurrent miscarriage and cardiovascular disease. A recent study found that circulating ADAMTS-7 levels could reflect the degree of ventricle remodeling after acute myocardial infarction in a rat model ([@b22-mmr-19-04-2620]). Moreover, it was also reported that ADMATS-7 participates in the pathological process of atherosclerosis through degradation of cartilage oligomeric matrix protein (COMP) ([@b23-mmr-19-04-2620]--[@b25-mmr-19-04-2620]), which has been confirmed to be involved in some pathophysiological pathways, including vascular calcification, atherosclerosis and neointima formation post-injury ([@b26-mmr-19-04-2620],[@b27-mmr-19-04-2620]).

Our study aimed to detect the expression of ADMATS-7 and its substrate COMP in the decidua of both LPS-treated mice and humans with a history of SA as well as the corresponding control group. We aimed to find a potential association between the expression of ADAMTS-7 and COMP in the decidua of LPS-treated mice and SA humans, which would be helpful to further understand the pathogenesis of recurrent SA in order to find effective measures for treating this disease.

Materials and methods
=====================

### Animals

Eight- to ten-week-old C57/BL mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were housed in an environment controlled for temperature (22\~24°C) and conditions of light (12 h light and 12 h darkness), with free access to standard mouse food and water. 2 female mice were caged with one male mouse every other day, and vaginal plugs were checked the next morning as a sign of mating behavior. The day of plug detection was defined as embryonic day 0.5 (E 0.5). The pregnant mice were randomly divided into lipopolysaccharide (LPS) group and control group, with 10 mice in each group. LPS (Sigma, Saint Louis, MO, USA) at a dose of 2.5 µg dissolved in saline was intraperitoneally injected in pregnant C57BL/6 female mice at E 7.5 to induce abortion. Mice in control group received the same volume of saline as the vehicle. At E10.5, the mice were sacrificed and the embryo resorption rate were calculated by dividing the number of resorbed embryos by the number of implantations, and the decidua were collected for further experiments. All of the experiments involving animals in this study were carried out in accordance with the protocols of the Guidelines for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication, revised 2011) and the Guidelines for the Care and Use of Laboratory Animals of the Chinese Animal Welfare Committee. The procedures were approved by the Animal Use Committees of Renmin Hospital of Wuhan University (Wuhan, China).

### Human study

The procedures involving human experiments were performed in accordance with the Declaration of Helsinki and were approved by the Human Research Ethics Committees of Renmin Hospital of Wuhan University (Wuhan, China). All participants were patients who went to the department of obstetrics and gynecology for treatment, and informed consent was signed by each participant. People with a history of SA before 22 weeks of gestation were divided into the SA group. People who went to the hospital for artificial abortion were placed into the control group. Subjects who had a history of autoimmune- or thyroid-related disease, uterine malformation, ultrasonographic evidence of hydrosalpinx, and hormone therapy within three months were excluded from this study. All participants shared similar baseline demographics. Finally, a total of 36 people were involved in this study, with 15 people in the control group and 21 people in the SA group.

### Immunohistochemistry

Decidua tissue was collected and washed by PBS three times. The decidua tissues were then put into 10% formaldehyde at room temperature for 24 h, followed by deparaffinization and dehydration. Then, the samples were cut into 5-µm sections for further immunohistochemistry detection. Endogenous peroxidase was blocked with 3% H~2~O~2~. Non-specific staining was blocked using 5% bovine serum albumin for 20 min. Subsequently, the sections were incubated with primary antibody targeted to ADAMTS-7 (1:200) and COMP (1:200) at 4°C overnight. Thereafter, the decidua sections were exposed to biotinylated sheep anti-rabbit immunoglobulin G solution (Proteintech Group, Inc.) at 37°C for 30 min followed by incubation with horseradish peroxidase-labeled streptavidin (Proteintech Group, Inc.) at 37°C for 30 min. After washing with PBS three times, the sections were counterstained with hematoxylin and dehydrated. Then, the sections were observed under a microscope (Nikon E100; Nikon Corporation, Tokyo, Japan), and the photomicrographs were obtained by Photo Imaging System (Canon 600D; Canon, Inc., Tokyo, Japan). A brown color was regarded as a positive signal. The optic density was detected by Image-Pro Plus 6.0, and the mean of the integrated optical density was obtained to represent the expression of ADAMTS-7 and COMP.

### Western blot and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Briefly, the decidua were weighed, cut and homogenized in a 1:10 (w/v) RIPA buffer using a homogenizer. After chilling on ice for 30 min, the suspension was centrifuged at 1,409 × g at 4°C for 15 min and the supernatants were collected. Then, the protein concentration was determined using a BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA). A total of 20 µg protein were separated on SDS-PAGE gels and then transferred to a PVDF membrane. Subsequently, the membrane was blocked with 5% non-fat milk dissolved in TBST at room temperature for 2 h. Then, the membrane was incubated with the following primary antibodies at 4°C overnight: Rabbit anti-GAPDH antibody (1:5,000), rabbit anti-ADAMTS-7 antibody (1:1,000, ab28557; Abcam, Cambridge, UK) and rabbit anti-COMP antibody (1:1,000, ab42225; Abcam). After washing the membrane with TBST three times, the membranes were incubated with secondary antibody for 2 h at room temperature. Finally, the bands were scanned using a two-color infrared imaging system (Odyssey; LI-COR, Lincoln, NE, USA). Band intensity was quantified using Odyssey, as described previously, and the densities of the bands were normalized to GAPDH.

Total RNA was extracted using the Trizol (Invitrogen; Thermo Fisher Scientific, Inc.) method according to the manufacturer\'s instructions. RNA concentration was detected using an absorbance at 260 and 280 nm (A260/280). Total RNA was reverse-transcribed into cDNAs using a PrimeScript™ RT-PCR Kit (04896866001; Roche Diagnostics, Indianapolis, IN, USA). Quantitative RT-PCR analysis was conducted using LightCycler 480 SYBR Green 1 Master Mix (04707516001; Roche Diagnostics). The primer sequences for *Adamts-7* were as follows: Forward: 5′-TCACCAGGTTCCTTGACCGTG-3′ and reverse: 5′-CCAGCTTGGAGTGACAGGTGGT-3′. The primer sequences for *Comp* were as follows: Forward: 5′-GCGCCAGTGTCGCAAGGACAA-3′ and reverse: 5′-TGGGTTTCGAACCAGCGGGC-3′. The primer sequences for *Gapdh* were as follows: Forward: 5′-TCATCAACGGGAAGCCCATC-3′ and reverse: 5′-CTCGTGGTTCACACCCATCA-3′. Expression of Adamts-7 and Comp was determined using the 2^−ΔΔCq^ method and normalized to *Gapdh* ([@b28-mmr-19-04-2620]).

### Statistical analysis

All data were expressed as the mean ± standard deviation. The group sizes of the experiments were estimated based on power analysis of ADAMTS-7 mRNA expression, with an α error of 5% and a power of 80%, which is consistent with a published article ([@b29-mmr-19-04-2620]). To detect a 10% change in ADAMTS-7 mRNA expression with an expected SD of 5%, we needed 5 animals per group. We had 10 mice in each group, and for humans, the sample size in the SA and control groups was 21 and 15, respectively, which fulfilled the requirement. Statistical analysis was performed with SPSS 22.0 (IBM Corp., Armonk, NY, USA). All the data in the present study were normally distributed (P\<0.05), as determined by the Kolmogorov-Smirnov\'s test. The difference between two groups was then evaluated using independent samples t-tests (two-sided). The correlation between ADMATS-7 and COMP was assessed by Spearman\'s analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### The expression of ADAMTS-7 and COMP in mouse decidua of the LPS-induced abortion group and the control group

Embryo resorption was 100% after LPS treatment. As shown in [Fig. 1](#f1-mmr-19-04-2620){ref-type="fig"}, the expression of ADAMTS-7 was clearly increased in the mouse decidua of the LPS-induced abortion group ([Fig. 1](#f1-mmr-19-04-2620){ref-type="fig"}). As a downstream substrate of ADAMTS-7, the expression of COMP was clearly decreased in the mouse decidua of LPS group compared with that of the control group ([Fig. 1](#f1-mmr-19-04-2620){ref-type="fig"}). Spearman\'s analysis showed that the expression of ADMATS-7 was negatively correlated with the expression of COMP in mouse decidual tissue, which had a correlation coefficient of −0.936 (P\<0.001; [Fig. 2](#f2-mmr-19-04-2620){ref-type="fig"}).

Western blot analysis revealed that the protein level of ADAMTS-7 was increased in the LPS group compared with the control group. Additionally, the expression of COMP was decreased in the decidual tissue of the LPS group ([Fig. 3A](#f3-mmr-19-04-2620){ref-type="fig"}). The mRNA levels of *Adamts-7* and *Comp* showed similar results, as demonstrated by an increased *Adamts-7* mRNA level and decreased *Comp* mRNA level ([Fig. 3B](#f3-mmr-19-04-2620){ref-type="fig"}).

### The expression of ADAMTS-7 and COMP in the human decidua of the SA group and the control group

As shown in [Fig. 4](#f4-mmr-19-04-2620){ref-type="fig"}, the expression of ADAMTS-7 was clearly increased in the human decidual tissue of the SA group. The expression of COMP was decreased in the human decidua of the SA group compared with that of the control group. Spearman\'s analysis showed that the expression of ADMATS-7 was negatively correlated with the expression of COMP in human decidual tissue, which had a correlation coefficient of −0.836 (P\<0.001; [Fig. 5](#f5-mmr-19-04-2620){ref-type="fig"}).

The protein levels of ADAMTS-7 and COMP showed similar results the mice model, manifested as increased ADMATS-7 and decreased COMP levels ([Fig. 6A](#f6-mmr-19-04-2620){ref-type="fig"}). The mRNA level of Adamts-7 was increased, and the mRNA level of COMP was decreased in the SA group compared with the control group ([Fig. 6B](#f6-mmr-19-04-2620){ref-type="fig"}).

Discussion
==========

In the present study, we first detected the expression of ADAMTS-7 and COMP in the decidual tissues of both LPS-treated mice and human subjects with SA. As demonstrated, ADAMTS-7 was increased, and COMP was decreased in the decidual tissue of the LPS-treated mice model compared with that of the control group, as depicted by immunohistochemistry, western blot and RT-qPCR. Moreover, we also revealed that ADAMTS-7 was negatively correlated with COMP in the decidual tissue of mice. The results in humans were similar to the results in mice. ADAMTS-7 was upregulated, and COMP was downregulated in the decidual tissue of the human subjects with SA compared with the corresponding control group, as demonstrated by immunohistochemistry, western blot and RT-qPCR. We also found that ADAMTS-7 was negatively correlated with COMP in human decidual tissue. Thus, in both mice and humans, ADAMTS-7 and its substrate COMP were proposed to play an important role in the pathological process of SA.

The ADAMTS family consists of 19 secreted multidomain proteolytic enzymes and participates in a variety of pathophysiological activities, including extracellular assembly and degradation, hemostasis, organogenesis, angiogenesis, cancer and arthritis ([@b30-mmr-19-04-2620]). ADAMTS-7, a member of the ADAMTS family, is mainly expressed in tendons, ligaments, cartilage and skeletal muscle ([@b31-mmr-19-04-2620]). Our study suggested that ADAMTS-7 could also be detected in the uterus. Previous studies focused on the role of ADAMTS-7 in cartilage degradation, osteoarthritis, collagen-induced arthritis and cardiovascular disease ([@b10-mmr-19-04-2620],[@b22-mmr-19-04-2620],[@b23-mmr-19-04-2620],[@b32-mmr-19-04-2620],[@b33-mmr-19-04-2620]). The expression of ADAMTS-7 was influenced by a series of factors, including mechanical stimulation, proinflammatory cytokines and oxidative stress ([@b34-mmr-19-04-2620]). The expression of ADAMTS-7 was increased by inflammatory cytokines and decreased by anti-inflammatory cytokines ([@b23-mmr-19-04-2620],[@b24-mmr-19-04-2620]). It was also reported that ADAMTS-7 and tumor necrosis factor alpha (TNF-a) form a positive feedback loop during the regulation of cartilage degradation and the progression of osteoarthritis ([@b33-mmr-19-04-2620],[@b35-mmr-19-04-2620]). As demonstrated by previous studies, SA was closely associated with inflammation. Elevated TNF-α was also found to participate in the occurrence of recurrent SA ([@b36-mmr-19-04-2620]). In this study, we found that ADAMTS-7 was increased in the decidual tissues of both mice and humans suffering from SA, which implied that ADAMTS-7 was involved in the pathological process of SA. Moreover, is was reported that subjects suffering from SA were more likely to experience cardiovascular disease later in life. Our findings suggested that ADAMTS-7, which is an important factor involved in cardiovascular disease, also participates in the pathological process of SA. Thus, this study will be helpful toward a better understanding of the etiology of SA.

ADAMTS-7 used to be regarded as a novel locus associated with vascular atherosclerosis by stimulating VSMC migration through the degradation of COMP ([@b24-mmr-19-04-2620],[@b26-mmr-19-04-2620],[@b37-mmr-19-04-2620]--[@b41-mmr-19-04-2620]). COMP, an extracellular matrix protein mainly expressed in cartilage and bone tissue ([@b42-mmr-19-04-2620],[@b43-mmr-19-04-2620]), was also reported as a substrate of ADAMTS-7 and plays a pivotal role in multiple epiphyseal dysplasia and cancer ([@b44-mmr-19-04-2620]--[@b46-mmr-19-04-2620]). To assess whether COMP is associated with ADAMTS-7, the expression of COMP was also determined in the decidual tissues of mice and humans. As demonstrated by immunohistochemistry, COMP was decreased in the LPS-treated group and SA group compared with the corresponding control group. Thus, it was hypothesized that the downregulation of COMP was associated with the upregulation of ADAMTS-7. Spearman\'s analysis further confirmed our hypothesis and revealed that COMP was negatively correlated with ADAMTS-7. Thus, upregulation of ADAMTS-7 and downregulation of COMP were associated with SA.

However, there are also limitations in this study. First, we only described the expression of ADAMTS-7 and COMP in the decidua of both the LPS-treated mice and human subjects with SA. A functional study of ADAMTS-7 and COMP in SA as well as a determination of the potential regulatory molecular mechanism of ADAMTS-7 and COMP in the pathological process of SA still remain to be performed.

In conclusion, the present study, for the first time, presents the expression levels of ADAMTS-7 and COMP in the decidual tissues of mice and humans suffering from SA. The findings suggest that upregulation of ADAMTS-7 and downregulation of COMP are associated with SA. In addition, a negative correlation was found between ADAMTS-7 and COMP in both mice and humans. Further studies are required to elucidate the potential mechanisms underlying the role of ADAMTS-7 and COMP in SA.
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![Expression of ADAMTS-7 and COMP in mouse decidua by immunohistological analysis. (A) Immunostaining of ADAMTS-7 and COMP in the mouse decidua of the control and LPS-induced abortion group (n=6). Scale bar, 50 µm; magnification, ×400. (B) Mean optical density of ADAMTS-7 and COMP in the mouse decidual tissue of the control and LPS-induced abortion group (n=6). \*P\<0.05 vs. Con. ADAMTS-7, A disintegrin and metalloproteinase with thrombospondin motifs 7; COMP, cartilage oligomeric matrix protein; Con, control; LPS, lipopolysaccharide.](MMR-19-04-2620-g00){#f1-mmr-19-04-2620}

![Spearman\'s analysis of ADAMTS-7 and COMP in mouse decidua. ADAMTS-7, A disintegrin and metalloproteinase with thrombospondin motifs 7; COMP, cartilage oligomeric matrix protein.](MMR-19-04-2620-g01){#f2-mmr-19-04-2620}

![Expression of ADAMTS-7 and COMP in mouse decidua. (A) Protein levels of ADAMTS-7 and COMP in mouse decidua by western blotting (n=5). (B) mRNA level of *Adamts-7* and *Comp* in mouse decidua by reverse transcription-quantitative polymerase chain reaction (n=5). \*P\<0.05 vs. Con. ADAMTS-7, A disintegrin and metalloproteinase with thrombospondin motifs 7; COMP, cartilage oligomeric matrix protein; Con, control; LPS, lipopolysaccharide.](MMR-19-04-2620-g02){#f3-mmr-19-04-2620}

![Expression of ADAMTS-7 and COMP in human decidua by immunohistological analysis. (A) Immunostaining of ADAMTS-7 and COMP on human decidua of the control (n=15) and SA groups (n=21). Scale bar, 50 µm; magnification, ×400. (B) Mean optical density of ADAMTS-7 and COMP in the human decidual tissue of the control (n=15) and SA groups (n=21). \*P\<0.05 vs. Con. ADAMTS-7, A disintegrin and metalloproteinase with thrombospondin motifs 7; COMP, cartilage oligomeric matrix protein; Con, control; SA, spontaneous abortion.](MMR-19-04-2620-g03){#f4-mmr-19-04-2620}

![Spearman\'s analysis of ADAMTS-7 and COMP in human decidua. ADAMTS-7, A disintegrin and metalloproteinase with thrombospondin motifs 7; COMP, cartilage oligomeric matrix protein.](MMR-19-04-2620-g04){#f5-mmr-19-04-2620}

![Expression of ADAMTS-7 and COMP in human decidua. (A) Protein levels of ADAMTS-7 and COMP in human decidua by western blotting (n=6). (B) mRNA level of *Adamts-7* and *Comp* in human decidua by reverse transcription-quantitative polymerase chain reaction (n=6). \*P\<0.05 vs. Con. ADAMTS-7, A disintegrin and metalloproteinase with thrombospondin motifs 7; COMP, cartilage oligomeric matrix protein; Con, control; SA, spontaneous abortion.](MMR-19-04-2620-g05){#f6-mmr-19-04-2620}
